This study examined the effects of herbaceous plant roots on interrill erosion using two herbaceous species: clover (Trifolium repens) and oats (Avena sativa). We developed a simple rainfall simulator with relatively high normalized kinetic energy (KE; 23.2 J m −2 mm −1
Introduction
In mountainous areas covered by forests, severe soil erosion often occurs on slopes with bare soil such as cut and fill slopes formed during road construction (Bold et al. 2010) as well as after slope failure caused by heavy rain and/or earthquakes (Kobayashi et al. 2004 , Lin et al. 2006 . Continuous soil erosion increases the suspended sediment load in streams and limits vegetation growth (Sidle et al. 2006) . Because vegetation plays a role in reducing soil erosion, humans often conduct revegetation efforts on slopes with bare soil (Gray and Sotir 1996) .
Short aboveground vegetation and litter will protect the soil surface from the direct effects of raindrops. Raindrops with high kinetic energy promote soil splash detachment, which is usually a first step in soil erosion and sediment transport (Ellison 1944 , van Dijk et al. 2002b , 2003 , Kinnell 2005 , Nanko et al. 2008 , Mizugaki et al. 2010 . In addition, raindrops with high kinetic energy facilitate the breakdown and dispersion of aggregates and the formation of a seal on the soil surface (Agassi et al. 1994 , Loch 2000 , Hiraoka and Onda 2012 , which will enhance overland flow. Overland flow detaches and displaces soil particles, causing the development of rills and gullies (Govers et al. 1990) . A measure of percentage of vegetation cover (c) has been used to evaluate the effects of aboveground vegetation and litter on the soil erosion rate (SER). Numerical studies have previously indicated that negative relationships exist between c and the SER (Wischmeier and Smith 1978 , Toy et al. 2002 , Gyssels et al. 2005 , Morgan 2005 , Zuazo and Pleguezuelo 2008 , Chu et al. 2010 , Iwasaki et al. 2013 ).
In addition to aboveground vegetation, belowground vegetation (i.e. plant roots) may also play a role in reducing the SER. Plant roots reinforce the shear strength of the soil, which has been recognized as a determinant of the resistance of soil to erosion (Gray and Sotir 1996) . Furthermore, roots contribute to the system of continuous pores present in soil and enhance the infiltration capacity of the soil (Angers and Caron 1998, Gyssels et al. 2005) . Several studies (Zhou and Shangguan 2005 , De Baets et al. 2006 , 2007 , Burylo et al. 2012 involving laboratory experiments have investigated the effects of plant roots on concentrated flow erosion using a hydraulic flume (i.e. under the conditions of no rainfall). All of these studies reported a decrease in the SER with increasing root biomass. They also indicated the efficiency of roots in controlling soil erosion varied with different root types. Plants with tap root systems are generally less effective at limiting soil erosion than plants with fibrous root systems.
Interrill soil erosion (i.e. outflow of soil under simulated rainfall) has been examined using plants with fibrous root systems. Murai (1974) indicated that the growth of orchard grass (Dactylis glomerata) roots resulted in a lower SER. Sekine et al. (2008) reported that the SERs from five different types of samples with belowground parts of oat plants (Avena sativa) were lower than that from bare soil. Shangguan (2007, 2008) and Katuwal et al. (2013) obtained negative relationships between the SER and root density using ryegrass (Lolium perenne L.). In contrast with these studies, Bui and Box (1993) observed no significant differences between the SER from bare soil and that from soil with corn (Zea mays L.) roots. Ghidey and Alberts (1997) documented the effects of dead roots on interrill erosion using four species with both fibrous roots and taproots, and found a negative relationship between the SER and dead root biomass. Thus, various studies have not produced consistent results and the effects of plant roots on interrill erosion remain uncertain.
The objective of this study was to examine the effects of plant roots on interrill soil erosion under simulated rainfall with high kinetic energy. Rainfall with a high amount of kinetic energy would more severely affect the SER than rainfall with lower kinetic energy. We prepared soil boxes and grew seeds of either clover (Trifolium repens) or oats (Avena sativa) in the boxes. The runoff volume and the SER were measured for 42 boxes with various amounts of above-and belowground biomass. We initially examined the effects of plant roots on soil physical properties and on the amounts of runoff. Then, we examined the effects of plant roots on the SER. We developed a relationship between c and the SER, and compared SERs between boxes with and without roots based on data for boxes with similar c.
Material and methods

Soil box and plant material
We prepared 37 cm long × 25 cm wide × 13 cm deep plastic boxes, and made 110 holes (Ø = 0.5 cm) in the bottom of the boxes for water drainage ( Fig. 1(a) ). Nine holes (Ø = 1.0 cm) were drilled on the front of the boxes to allow runoff to drain and for SER measurements (see 2.3 Rainfall simulator; Fig. 1(b) ). The box size in our study was smaller than other studies measuring the SER under simulated rainfall (Ghidey and Alberts 1997, Sekine et al. 2008 ) because we found it more feasible to conduct experiments with various amounts of above-and belowground biomass in boxes of the size employed here. Boxes were filled with 7 cm of soil and packed to an average soil hardness of 10 mm (i.e. 137 kPa) using Yamanaka System Hardness Sensors (Fujiwara Scientific Co. Ltd., Tokyo, Japan). The soil had been collected at a cut slope along a forest road in Kasuya Research Forest, Kyushu University, Fukuoka, Japan; this silt loam was composed of 13% clay, 70% silt and 17% sand. Additional soil mixed with seeds was added on the previously packed soil bringing the total height to 9 cm, and soil was again packed to an average soil hardness of 10 mm.
Two herbaceous plant species, clover and oats, were selected for our experiments. Land managers in Japan commonly use clover to revegetate slopes. Sekine et al. (2008) previously used oats, a rapidly growing species, to examine the effects of plant roots on SERs under simulated rainfall. We prepared 18 and 10 boxes for clover and oats, respectively. The boxes were installed in a laboratory to avoid natural compaction and were set with a slope of 30°. We watered the plants almost every day using a spray. To conduct experiments for boxes with various amounts of above-and belowground biomass, plants were allowed to grow for different lengths of time for different tests, between 40 and 200 days for boxes of clover and between 20 and 30 days for those with oats.
Experimental setting of soil boxes
To compare the effects of above-and belowground vegetation on SERs, we conducted experiments using four types of boxes: AB, boxes with both above-and belowground vegetation (i.e. without any treatment after vegetation growth); A, boxes with aboveground biomass only; B, boxes with belowground biomass only; and NO, boxes with no vegetation (i.e. bare soil). For treatment B, aboveground vegetation was removed using clippers immediately prior the experiment. The aboveground vegetation removed for treatment B was used to make boxes for treatment A; the removed aboveground vegetation was simply placed on bare soil similar to a mulch for treatment A. Our experiments were conducted during six different periods from 29 May to 5 December 2012. Boxes with bare soil for treatments A and NO were prepared immediately before the experiments (i.e. the same day as the experiment) in the same manner as boxes with vegetation (i.e. boxes for treatments AB and B). Table 1 shows the density and c for each box. We used clover to conduct experiments for treatments AB, A, and B and oats for experimental treatments AB and B. Note that because the aboveground parts of oats for treatments A were well intertwined, the plants did not move dramatically during the experiments. Figure 1 . Illustration of the soil box frames (a) and the rainfall simulator (b) used in this study.
Rainfall simulator
We developed a simple rainfall simulator for experiments of this study ( Fig. 1(b) ). Water stored in a tank was pumped (FP-5S pump, Tsurumi Manufacturing Co. Ltd., Tokyo, Japan) and released through a nozzle (G560, Takagi, Kitakyushu, Japan) set at 4 m above a box used for a treatment. With the 30°slope of the box, water was sprayed obliquely upward and fell into the box from the height of approximately 5 m. Running water was continuously supplied to the tank to maintain a constant water level because the performance of the pump varied with the water level of the tank. We adjusted the amount of water using a valve and a velocity meter (LW10-TTN, Horiba STEC, Co. Ltd., Kyoto, Japan), which were set between the pump and nozzle.
For each experiment, we measured the amount of rainfall using four storage bottles with a funnel (diameter = 11.5 cm), which were set at the four corners of the box. The amount of simulated rainfall falling into the box in each respective experiment was estimated from the average of water amount in the four bottles. The relationship between the amount of water falling into the box and that in the four bottles was preliminarily obtained using a tipping bucket with a resolution of 0.5 mm (OT-501, Otashouji, Tokyo, Japan) positioned in place on the box.
To examine the characteristics of simulated rainfall, we measured the diameter (D, mm) and velocity (V, m s −1 ) of drops using a laser drop-sizing gauge (Nanko et al. 2006) positioned in the centre of the box. The kinetic energy of a raindrop (e) was calculated using equation (1):
where ρ is raindrop density (1 × 10 −6 g m
−3
). The normalized kinetic energy per unit area per precipitation of the simulated rainfall (KE) was calculated from equation (2): where S is the sampling area of the laser drop-size gauge (800 mm 2 ), P is the amount of precipitation of the simulated rainfall (mm), and n is the number of drops over a rainfall simulation period. Figure 2 (a) presents the distribution drop sizes for the simulated rainfall. The drop size distribution was based on the volume ratio normalized by the total volume of raindrops, using 0.5 mm diameter classes and a minimum diameter of 0.5 mm. The drop size distribution was unimodal with a mode of 2.75 mm in diameter. Median volumetric drop diameter was 3.64 mm. Figure 2(b) presents the relationship between drop diameter and velocity. Drops for all diameter classes did not reach terminal velocity. Drop velocity increased with an increase in diameter when the diameter was less than 4 mm, and stabilized at a velocity of 7 m s −1 when the diameter was larger than 4 mm. The stable velocity of drops was similar to that falling from a height of 3.5 m as reported by Zhou et al. (2002) . The KE of our simulator was estimated at 23. ) was relatively intense, ranking in the top 17% of the maximum hourly precipitation for each month from 1946 to 2014 in Fukuoka, Japan (Fig. 3) . The KE of the simulated rain here was much higher than that of most portable European rainfall simulators (0.77-13.76 J m −2 mm 
Runoff and soil erosion rate (SER) measurements
Each simulated rainfall experiment lasted for 1 hour. Between 125 and 180 mm of rainfall (mean ± SD; 156 ± 9 mm) was simulated during each experiment. Runoff and eroded soil were discharged through the nine holes at the front of the boxes and were sampled every 15 min using a plastic tray. Note that we visually confirmed that runoff and eroded soil were allowed to be passed from the nine holes relatively smoothly. The total amount of overflow and the SER for 1 hour were analyzed in this study. Based on the total rainfall and runoff amounts, the runoff ratio was calculated as the total runoff amount divided by the total rainfall.
Percentage vegetation cover (c), root biomass and soil physical property measurements
For c measurements, we took a photograph from 1 m above the box using a digital camera (Xacti DMX-CG100, Sanyo Electric Co. Ltd., Moriguchi, Japan) immediately before the experiment. c was calculated using each photograph and Image J image processing software (National Institutes of Health, Bethesda, MD) as follows. Each photograph was converted into an image composed of red and clear (i.e. the original colored) pixels. Here, red and clear pixels indicate covered and uncovered places, respectively. The threshold value was adjusted by comparing the converted image and the original photograph. c was then calculated from the ratio of red pixels to the total pixels in the area of the box. Three soil samples were taken from each box immediately after the experiment using a cylindrical sampler with a volume of 100 cm 3 (diameter = 5.0 cm; height = 5.1 cm). Root biomass and soil physical properties such as soil porosity and bulk density were measured using these samples. Root biomass for oats includes seeds because completely separating seeds from roots proved to be difficult. Table 1 summarizes the soil physical properties such as soil porosity and bulk density after the experiments. Figure 4 compares the physical properties among soils of the four treatments. The soil porosity for each box was between 42% and 53% (mean ± SD; 48 ± 2%). The soil porosity for treatment B was significantly larger than that for treatment A (Tukey's test, P < 0.05). The soil bulk density for each box was 1.09-1.32 g cm −3 (mean value ± SD; 1.23 ± 0.06 g cm
Results and discussion
Soil physical properties
−3
). The soil bulk densities for treatments AB and B were significantly smaller than that for the treatment A (Tukey's test, P < 0.05). The plant root density for each box was positively correlated with the soil porosity ( Fig. 5(a) ; P < 0.01) and negatively correlated with the soil bulk density (Fig. 5(b) ; P < 0.001). Plant roots contribute to a system of continuous pores in the soil (Angers and Caron 1998, Gyssels et al. 2005) , perhaps resulting in increased soil porosity and decreased soil bulk density. The presence of plant roots in this study could result in an increase in soil porosity and a decrease soil bulk density.
Runoff
The runoff ratio (i.e. the ratio of runoff to rainfall) for each box was 36.7-121.7% (mean ± SD; 80.8 ± 18.4%; Table 1 ). The runoff ratio for some boxes exceeded 100% which would be mainly caused by an estimation error of rainfall amounts. There were no significant differences in the runoff ratio among the four treatments (ANOVA, P ≥ 0.05). Even when using only data with a runoff ratio of below 100%, we did not find significant differences among the four treatments (ANOVA, P ≥ 0.05). Note that no outliers were detected using the Smirnov Grubbs test (P ≥ 0.05). Previous studies (Ghidey and Alberts 1997 , Sekine et al. 2008 , Sekine and Nabeshima 2010 ) also observed no differences in runoff amounts between samples with and without plant roots.
Soil erosion rate (SER)
The SER for each box was 0.02-5.28 kg m −2 (mean ± SD; 1.23 ± 1.03 kg m −2
; Table 1 ). The SER and sediment concentration of runoff for the treatments could be ranked as B > NO > A > AB (Fig. 6) . The SER and sediment concentration for treatment AB were significantly smaller than those for treatments B and NO (Tukey's test, P < 0.05). As with many studies (Toy et al. 2002 , Gyssels et al. 2005 , Morgan 2005 , Chu et al. 2010 , Iwasaki et al. 2013 ), a clear negative relationship was observed between c and the SER (P < 0.001; Fig. 7) . In this analysis, we did not use data with belowground biomass and c ≤ 5% (i.e. B1-B16, AB4, AB5). We also obtained a similar relationship when using data collected every 15 min instead of hourly. Thus, aboveground vegetation had a significant effect on the SER.
The SER varied greatly when c was close to 0%. Figure 8 compares the effects of belowground vegetation on the SER and sediment concentration using boxes with c < 5%. The variation in the SER and sediment concentration in boxes of bare soil were relatively larger than that of boxes with belowground vegetation. The SER and sediment concentration were not significantly different based on the presence or absence of belowground vegetation and between plant species (ANOVA, P > 0.05). These results indicate belowground vegetation does not significantly affect the SER in our experiments. Our findings are consistent with Bui and Box (1993) ; however, they differ from the results of Murai (1974) , Ghidey and Alberts (1997), and Sekine et al. (2008) , who showed plant roots contributed to a reduction in the SER. These differences would be caused by the result of experimental settings such as root density, root morphology, soil physical properties and rainfall characteristics. In our experiments, we used two herbaceous plants, clover and oats. Sekine et al. (2008) also used oats for their experiments. Our root density was higher than that of Sekine et al. (2008) , based on both the lower planting density and shorter growth period used in these previous studies. Furthermore, root density for oats in our experiment was comparable with root density of Murai (1974) . Murai (1974) used a different species (i.e. orchard grass). Thus, small root density is not the main reason that roots showed no effects on the SER in our study.
We did not find significant negative relationships between root density and the SER for both species (P > 0.05). This may have occurred because of the limited range of root density used in the present experiment. De Baets and Poesen (2010) showed a strong decrease in the SER with increasing root density of between 0 and 5 kg m −3 for concentrated flow erosion. The range of root density for treatment B was 0.8-2.2 kg m −3 for clover and was 5.7-10.4 kg m −3 for oats. The range for clover was very narrow and that for oats is different from the range for which De Baets and Poesen (2010) reported a strong decrease. In addition, clover has small tap roots. De Baets and Poesen (2010) also showed that tap roots were less effective than fibrous roots in reducing soil erosion. Relationships between the percentage of vegetation cover and (a) the soil erosion rate and (b) the sediment concentration of runoff. The relationships were derived without using data for treatment B (i.e. B1-B16), AB4 and AB5. Open circles, closed circles and triangles indicate data for clover (n = 15), oats (n = 4) and bare soil (n = 5), respectively. The solid and dotted lines indicate the regression and exponential lines, which are determined using the least-squares method. Figure 8 . Comparisons of the soil erosion rate (a) and sediment concentration of runoff (b) among boxes with clover (n = 12), oats (n = 6) and bare soil (n = 5). The comparisons were conducted using boxes with < 5% vegetation cover.
The size of raindrops was considerably larger in our simulator than that of Sekine et al. (2008) ; they did not show size of raindrops in their rainfall simulator, but their simulator generated a fine mist. The SER is determined through two processes, detachment and transport. Both detachment and transport of soil particles were caused by both runoff and raindrops (e.g. Morgan 2005 ). We measured the SER of soil particles transported by runoff, which contains sediment detached by both runoff and raindrops. Our experiments were conducted using a rainfall simulator that created raindrops with a high level of kinetic energy. Under these conditions, the detachment of soil by raindrops would be larger than that by runoff because the energy causing detachment by raindrops is much larger than that by runoff (Morgan 2005) . Although Ghidey and Alberts (1997) reported the SER involving soil transported by runoff for boxes with plant roots was lower than that without plant roots; they also reported the detachment rate of soil by raindrops for boxes with plant roots was comparable to that without plant roots. The median size of raindrops for our simulator was comparable to that for the simulator used by Ghidey and Alberts (1997) . Thus, a larger detachment rate caused by raindrops, compared with that of runoff, may be a reason why roots showed no effects on the SER in our study. Meanwhile, Katuwal et al. (2013) obtained a negative relationship between root density and the detachment rate of soil by raindrops. The KE for the simulator used by Katuwal et al. (2013) , based on the data for the mean drop diameter and drop velocity, was comparable to our simulator. Therefore, other factors such as soil type may also be important when considering the effects of plant roots on the SER. The KE required to detach soil varies with the particle size of the soil (Morgan 2005) .
Conclusions
This study examined the effects of plant roots on interrill soil erosion under simulated rainfall. We developed a simple rainfall simulator and measured the SER based on soil transported by runoff for 42 boxes with various amounts of aboveand belowground biomass. Aboveground vegetation had a significant effect on the SER. We found a clear negative relationship existed between the c and SER. In contrast, no significant differences were observed in the SER between boxes with and without belowground vegetation (i.e. plant roots) although the presence of plant roots would result in increased soil porosity and decreased bulk density which are expected to result in a decreased SER. Thus, plant roots did not have a significant effect on the SER in this study. Plant cover is more effective in controlling erosion under rainfall with high kinetic energy because it absorbs the kinetic energy from the falling raindrops, which is not the case for plant roots.
The effects of plant roots on the SER caused by runoff may have varied in different studies using different methods because the experimental settings varied, especially for the KE of simulated rainfall. Further studies will be required to measure the SER of soil transported by runoff under various KE conditions. These studies will allow us to discover more exactly how or if plants roots affect the SER.
